Low photosynthetic active radiation is a strong determinant in the development and growth of sea ice algae. The algae appear to have universal mechanisms to overcome light limitation. One important process, which is induced under light limitation, is the desaturation of chloroplast membrane lipids. In order to discover whether this process is universally valid in sea ice diatoms, we investigated three species coexisting in chemostats illuminated with 15 and 2 mmol photons m À2 s À1 at À1 C. Growth under 2 mmol photons m À2 s À1 caused a 50% increase in monogalactosyldiacylglycerols (MGDG) thylakoid membrane related 20:5 n-3 fatty acids. This fatty acid supports the fluidity of the thylakoid membrane and therefore the velocity of electron flow, which is indicated by increasing rate constants for the electron transport between Q A (first stable electron acceptor) and bound Q B (second stable electron acceptor) (11.16 AE 1.34 to 23.24 AE 1.35 relative units). Two mmol photons m À2 s À1 furthermore resulted in higher amounts of non-lipid bilayer forming MGDG in relation to other bilayer forming lipids, especially digalactosydiacylglycerol (DGDG). The ratio of MGDG:DGDG increased from 3.4 AE0.3 to 5.7 AE0.3. The existence of bilayer thylakoid membranes with high proportions of non. bilayer forming lipids is only possible when sufficient thylakoid pigment-protein complexes are present. If more thylakoid pigment-protein complexes are present in membranes, as found under extreme light limitation, less bilayer forming lipids such as DGDG are required to stabilize the bilayer structure. Differences in protein contents between both light intensities were not found. Consequently pigment contents which nearly doubled under 2 mmol photons m À2 s À1 must be responsible in balancing the potential stability loss resulting from an increase in MGDG:DGDG ratio. #
Introduction
A number of sea ice diatom species coexist in the narrow space of brine channels (Krembs et al., 2000) . This habitat is characterized by extreme conditions (low light intensities, low temperature, high salinities and limited supply of nutrients) which are strong selection factors for diatom species. Thus, only those species persist in this polar ecosystem which are able to acclimate or adapt (Kirst and Wiencke, 1995) . The species probably all have the same mechanisms, which govern their success and differ from those in temperate or even tropical species. Species specific dominance in sea ice is probably related to small intraspecific differences (Huisman and Weissing, 1999) in e.g. salinity and temperature tolerance. In order to find universal mechanisms of regulation underlying these small intraspecific differences, we studied three dominant coexisting Antarctic sea ice diatoms by growing them in chemostats at À1 C and two subsaturating light intensities. Low light acclimation is a universal physiological process, dependent on the structure and function of the photosynthetic apparatus. Photosystems and their subcomplexes, e.g. LHC (light harvesting complex), D1 (reaction center protein of photosystem II), D2 (reaction center protein of photosystem II), are anchored within the thylakoid membrane through lipids which are exclusively present in the chloroplast. This close connection between lipids and photosystem subcomplexes indicate an interdependence between both, which supports the concept of photo-synthesis regulation by changes in the thylakoid membrane structure or the entire chloroplast. Thus, lipids have to be included into our concept of light acclimation of photosynthesis. An increase in membrane fluidity at low temperatures is essential to sustain diffusivity of gases, mobile electron and proton carriers like plastoquinone (PQ) and to repair low-temperature photoinhibition damage (e.g. Russel, 1997; Saruwatari et al., 1999; Reay et al., 1999) . Apart from temperature, the strong seasonality of irradiance in polar regions plays an important role in photoautotrophic life, particularly in marine habitats where water turbulence determines the supply of photons. Some investigators have observed changes in lipid or fatty acid (FA) quality during light acclimation of algae and plants in addition to quantitative changes in chloroplast lipids (Pohl and Zurheide, 1979; Harwood and Jones, 1989; Sewon et al., 1997; Klyachko-Gurvich et al., 1999) . This change is more distinct in combination with low temperatures (Tasaka et al., 1996) . Ice diatoms are therefore well suited to study regulation of photosynthesis on the basis of lipid metabolism which is expected to be similar for the dominant diatom species. Special attention is therefore given to lipids as structural modulators of photosystem II efficiency as well as regulators of energy flow in three Antarctic sea ice diatoms.
Results

Physiology
The maximum attainable algal growth rate was strongly influenced by photon flux density. At 2 mmol photons m À2 s À1 the algae grew at a rate of 0.17 day
À1
whereas the exposure to 15 mmol photons m À2 s À1 lead to a rate of 0.55 day À1 . The strong light limitation at 2 mmol photons m À2 s À1 resulted in an exceptional photophysiological acclimation, which was indicated by photosystem (PS) II related parameters as well as pigment concentrations. Fluorescence measurements were based on DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea, 20 mmol l À1 final concentration) induction kinetics, which reveal the potential maximum of photosynthetic performance and not the in situ kinetics. Basic analysis of PS II related parameters (Table 1 (Table 2 ). These amounts of bound Q B were not influenced by dark adaptation of samples for 30 min, which revealed the comparison to measurements made only 90 s after sampling. The differences between PS II related parameters for both light intensities lead to differences in quantum yield and thus low light acclimation (Fig. 1) . Maximum attainable photosynthetic rate (55-40 relative values) as well as the light level at which photosynthesis saturates (159-101 mmol photons m À2 s À1 ) decreased whereas (light utilization effiziency defined as the slope of photosynthesis vs irradiance curve; Fig. 1 ) increased (0.36-0.39) under 2 mmol photons m À2 s À1 . This typical photosynthetic response under low light acclimation is also supported by changes in relative pigment concentration (Fig. 2) .
Pigments constituted a large proportion (AE 70%) of total cell carbon under 2 mmol photons m À2 s À1 , resulting in a carbon:chlorophyll (chl) a ratio of 3.5. However, only 30% of total algal carbon was represented by pigments in the 15 mmol photons m À2 s À1 incubation resulting in a carbon:chl a ratio of 7.4. No significant change in relative pigment ratios was observed compared to the major other lipids with exception of diadinoxanthin. Diadinoxanthin concentrations were reduced under 2 mmol photons m À2 s
, which caused a strong reduction in pigment ratios. Diadinoxanthin:chl ) and 2 mmol photons m À2 s À1 (m=0.17 day À1 ) are based on DCMU induction measurements. Photosynthetic parameters a (light utilization efficiency), Ik (quantum flux of PAR at onset of light saturation), Im (quantum flux of PAR for maximum of photosynthesis), Pm (maximum photosynthetic rate) were calculated after Eilers and Peeters (1988) ; n=2. a ratio was 0.14 at 15 mmol photons m À2 s À1 and 0.04 at 2 mmol photons m À2 s À1 . Diatoxanthin as well as b-carotene represented less than 0.5% of total algal carbon.
Biochemistry
Macromolecular composition of diatoms was influenced by the availability of light (Fig. 3) . Carbohydrates, as primary assimilates were reduced at 2 mmol photons m À2 s À1 whereas proteins and lipids remained unaffected under both applied photon flux densities. This is also the case for the membrane lipid fraction as well as for storage lipids of which the latter only represented a small proportion of total algal lipids (17%) (Fig. 4) . The dominant membrane lipid class of ice diatoms under light limitation was MGDG, which is exclusively present in chloroplasts, particularly in thylakoid membranes (Fig. 5) . DGDG as well as SQDG are also restricted to chloroplasts, whereas phospholipids also occur in non-chloroplast membranes.
The dominance of MGDG indicates that chloroplast membranes were the most abundant membranes in the cell. The most obvious effect of the reduction in irradiance on membrane lipid composition was an increase in MGDG:DGDG ratio to the unexpectedly high ratio of 5.6 at 2 mmol photons m À2 s À1 (Fig. 6 ). Fatty acid composition of the different membrane lipid classes as well as storage lipids was influenced by photon flux density. The proportion of polyunsaturated fatty acids (PA) (PUFA) at 2 mmol photons m À2 s À1 increased for all lipid classes with a concominant decrease of monounsaturated FA (MUFA) and saturated FA (SAFA), except for DGDG. Here, the fatty acid composition remained unchanged for both photon flux densities (Fig. 7) . The strongest reduction of saturated FAs in all lipid classes except DGDG could be observed for 14:0 and 16:0 FAs at 2 mmol photons m À2 s À1 . The PUFA 20:5 increased by at least 38% in phosphatidylcholine (PC), phosphatidylglycerol (PG), sulfoquinovosyldiacylglycerol (SQDG), MGDG and triacylglycerol (TAG) at the same photon flux density. The relative proportion in phosphatidylethanolamin (PE) and DGDG remained more or less constant (Table 3) . Fig. 2 . Pigment composition of sea ice diatoms as % at total particulate organic algal carbon under 15 and 2 mmol photons m À2 s À1 with corresponding growth rates of 0.55 and 0.17 day À1 , respectively. Carotene was always below detection limit. Error bars denote standard deviations; n.d.=not detectable; n=3. 
Discussion
Low photosynthetic active irradiance is one of the strongest determinants in the development and growth of ice algae. The efficiency of light utilization is expressed by high chl a content, more so under 2 mmol photons m À2 s À1 than under 15 mmol photons m À2 s À1 (e.g. Falkowski and Owens, 1980) . At 2 mmol photons m À2 s À1 almost all carbon and organic nitrogen produced in the cell is converted into pigments and proteins for photosynthesis (Geider et al., 1996 (Geider et al., , 1998 . Thus the flux of excitation energy into carbohydrates is strongly reduced under extreme low light conditions (Fig. 3) . However, the pool of lipids, particularly the storage lipid triacylglycerol remained constant. This may be due to a minimum requirement for these lipids. (Fig. 1) . The increase in photon trapping and generation of electrons at PS II under 2 mmol photons m À2 s À1 was regulated by an increase in connectivity (J con ) between reaction centres. The number of PS II and/or the LHC cross section probably increased in conjunction with an increase in chl a. One consequence, is a stronger probability of exciton capture by the reaction centres and thus a more efficient generation of electrons. Furthermore, the electron transport from reaction centres through the plastoquinone pool is faster under 2 mmol photons m À2 s À1 which is indicated by rate constants K A , K B , K C and their amplitudes. The fluorescence amplitude for A comp remained relatively constant under both photon flux densities indicating a similar amount of Q B bound to D1, but the rate constants at 2 mmol photons m À2 s À1 increased by about 50% compared to 15 mmol photons m À2 s À1 . Such an increase in electron transport velocity between bound Q A and Q B can be explained by increasing FA desaturation of typical chloroplast FAs (MGDG, SQDG, PG), particular by increasing 20:5 n-3 of MGDG and SQDG. These fatty acids support the Q A and Q B interactions and thus the velocity of electron flow (Horvath et al., 1987 ). In contrast, amplitudes for the B comp increased at 2 mmol photons m À2 s À1 which is revealed by a larger amount of bound Q B and consequently a faster electron transport. Nevertheless, the major FA 20:5 n-3 of the chloroplast lipid class MGDG increased by ca. 50% in total fatty acids under 2 mmol photons m À2 s À1 (Table 3) as well as pigments like chl a/c (Fig. 2) . This also supports the argument that chlorophyll molecules are associated with PUFA (Kates and Volcani, 1966; Cohen et al., 1988; Thompson et al., 1990) . We suggest that diatoms use pairs of 20:5 to accommodate the phytol side chain of chl a. The desaturation of MGDG-FAs to 20:5 n-3 was correlated with a shift to low photon flux densities and the activity of PS I. This adaptive response which provides alterations to lipid-protein interactions in the membrane may be important for the self-assembly of active chlorophyll-protein complexes for photosynthetic apparatus of PS I (Klyachko-Gurvich et al., 1999) and perhaps also for PS II.
Not only the presence of PUFAs in thylakoid membranes is important for structure and function of PS I and II, but the composition of lipid classes also significantly influences membrane structure (Block et al., 1983) . Under 2 mmol photons m À2 s À1 , the concentration of non-bilayer forming MGDG increased in relation to other bilayer forming lipids, especially DGDG (Fig. 5) . The ratio of 5.8 between both glycolipid classes is much higher than the critical ratio of 2.5, above which transition to non-bilayer structures begins in MGD/ DGD mixtures (Sprague and Staehelin, 1984) . We assume that the existence of thylakoid bilayers is required in sea ice diatoms just like in all other photosynthetic organisms. The existence of bilayers with such high proportions of non-bilayer-forming lipids is only possible when sufficient thylakoid pigment-protein complexes are present (Webb and Green, 1991) . If more thylakoid pigment-protein complexes are present in the membranes, as found under light limitation, less bilayerforming lipids such as DGDG are required to stabilize the bilayer structure. Differences in protein content between both photon flux densities could be neglected due to insignificant changes in protein concentrations ( Fig. 3) . Pigment contents which nearly doubled under 2 mmol photons m À2 s À1 must therefore be responsible for an increase in the MGDG:DGDG ratio.
Consequently, photon flux density as an important determinant for growth in polar diatoms, influences the amount of chl a in the choloroplast, leading to biochemical changes of the chloroplast membranes in order to sustain intact bilayers and thus photosynthesis. Besides this influence of light on structural regulation of thylakoid membranes, light also regulates the fluidity of the thylakoid membrane.
Experimental
Material and methods which were applied in this investigation are identical to those in part I, described in: Photosynthetic energy conversion under extreme conditions: I. Important role of lipids as structural modulators and energy sink under N-limited growth in Antarctic sea ice diatoms (Mock and Kroon, 2002) . Only the basic experimental conditions were changed as follows: two different photon flux densities were adjusted within continuous cultures: a total of 15.0 AE 5.0 mmol photons m À2 s À1 resulted in a growth rate of 0.55 day À1 with a optical density (OD) of 0.11 AE 0.01. A photon flux density of 2.0 AE 1.0 mmol photons m À2 s
À1
lead to an algal growth rate of 0.17 day À1 with an OD of 0.037 AE 0.006. The algal composition in the first culture was 66 AE 11% of Navicula gelida var. antarctica, 20 AE 7% of Fragilariopsis curta and 14 AE 9% of Nitzschia medioconstricta after ca. one week under steady state growth. At 2 mmol photons m À2 s À1 and a growth rate of 0.17 day À1 Navicula gelida var. antarctica constituted 65AE 6%, Fragilariopsis curta 15 AE 6% and Nitzschia medioconstricta 20 AE 7% to the total community. Results are reported as % of total fatty acids. PC=phosphatidylcholine; PE=phosphatidylethanolamin; PG=phosphatidylglycerol; SQDG=sul-foquinovosyldiacylglycerol; DGDG=digalactosyldiacylglycerol; MGDG=monogalactosyldiacylglycerol; TAG=triacylglycerol. -Not detected; n=2.
